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Bacterial pustule incited by Xanthomonas phaseoli var. sojensis 
(Hedges) Starr and Burk., is a common disease of soybeans (Glycine max 
(L.) Merr.)' Hartwig and Lehman (25) and Feaster (21) showed that the 
resistance of the cultiver 'CNS' was controlled by a monogenic recessive 
major character. The resistance of CNS has been used in developing 
pustule resistance in all improved cultivars. Chamberlain (11) dem­
onstrated that X. phaseoli var. sojensis can grow in leaves of the re­
sistant cultivar CNS but at a lower rate than on the susceptible 
cultivar 'Lincoln'. Furthermore he reported that pustules formed abun­
dantly on Lincoln but none formed on CNS. Ignatoski (30) incubated X. 
phaseoli var. sojensis with enzyme separated cells of the resistant 
cultivar 'Lee* and the susceptible cultivar 'Black Hawk'. He found that 
bacteria grew at a slower rate in cells of the resistant cultivar compared 
with the susceptible cultivar. In studies pf the biochemical nature of 
rust resistance in near isogenic lines of wheat, Seevers and Daly (66) 
observed that reduction in rust pustule numbers in resistant lines was 
correlated with a higher level of peroxidase in the leaves. 
The level of peroxidase activity in resistant and susceptible plants 
in response to infection has been attributed to disease resistance by a 
hitherto unknown mechanism (22, 34, 37, 64). Lovrekovich al. (48) 
showed indirectly that peroxidase might be involved in the defense 
mechanism. They observed tobacco leaves pre-injected with horseradish 
peroxidase were resistant to Pseudomonas tabaci. However, they were 
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not able to demonstrate the mechanism by which peroxidase was inhibiting 
P. tabaci. 
Peroxidase in higher animals is believed to be anti-microbial (3, 
28, 33, 75). There is lack of information on such mechanisms operating 
in plants. Earlier researchers (22, 34, 66) have felt that it is 
difficult to describe the role of peroxidase, per se, in plant disease 
resistance. 
This study was initiated to investigate: 1) the role of peroxidase 
in the resistance mechanism of near isogenic lines of soybean resistant 
and susceptible to bacterial pustule, and 2) to develop a suitable model, 




Bacterial pustule caused by Xanthomonas phaseoli var. sojensis 
is a disease generally present in soybean growing areas of the United 
States. It was first observed in 1902 by E. F. Smith (70) who isolated 
a yellow bacterium from soybeans collected near Charleston, S. C. 
Bacterial pustule was first studied in detail in the United States 
in 1922, when Hedges (27) described the disease, isolated and character­
ized the inciting agent and established pathogenicity. Bacterial pustule 
occurs on the foliage of soybeans. The causal bacterium over-winters on 
debris from diseased plants and on seeds. Infection may appear first on 
primary leaves of the seedling. As new leaves are formed the disease 
spreads upward, and under favorable environmental conditions reaches 
maximum development. Leaf symptoas start with chlcrotic areas, followed 
by development of pustules. Later, pustules are bordered by a narrow 
yellow margin under field conditions and a halo under greenhouse 
conditions. 
Effect of Bacterial Pustule on Soybeans 
Bacterial pustule affects primarily yield and seed size of soybeans. 
Hartwig and Johnson (26) reported a 3% reduction in seed size and an 11% 
reduction in yield of susceptible cultivars compared with resistant 
cultivars grown in the southern part of the United States. Weber et al. 
(79) also evaluated related susceptible and resistant lines of soybeans 
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to bacterial pustule and found that there was a 4.4% yield reduction 
in susceptible lines grown in the midwestern United States. An average 
of 82% of this loss was attributed to reduced seed number and 18% to 
reduced seed size. 
Varietal Resistance of Soybeans to Infection by 
Xanthomonas phaseoli var. sojensis 
Many soybean cultivars are susceptible to bacterial pustule disease, 
but there is a wide range in degree of susceptibility. Evaluation of 
resistant and susceptible cultivars is generally based on spraying the 
lower surface of the leaves with an aqueous suspension of X. phaseoli 
var. sojensis. The disease is scored using a scale of 1 to 5, 1 
indicating the plant is resistant and 5 indicating completely susceptible 
(79). Differences in varietal reaction were first reported by Lehman 
and Woodsj-dc (43) in 1929. These workers tested 55 soybean cultivars 
for pustule resistance reaction and considered 'Columbia* cultivar as 
resistant. Feaster (21) in 1951 found 'Clemson' cultivar was highly 
resistant, and 'Ogden* was moderately resistant among 48 cultivars 
tested. In the same year, Hartwig and Lehman (25) observed that the 
'CNS' cultivar showed no evidence of bacterial pustule among 50 cultivars 
screened. They also reported that progenies from the crosses between 
CNS and susceptible cultivars possessed differences in the degree of 
susceptibility. Furthermore, they demonstrated that high resistance 
or near immunity of the CNS cultivar was a monogenic, recessive, major 
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character designated rpx. This source of resistance has beer, used 
effectively in developing pustule resistance in all improved cultivars. 




Peroxidase is one of the most precisely investigated respiratory 
enzyme in the field of enzymology. It is a heme protein that is widely 
distributed in higher plants, animals, and micro-organisms (7, 40, 65, 
69). It occurs more generally and in higher concentrations in plant 
than in animal tissue. Peroxidase is inhibited by the same respiratory 
inhibitors such as cyanide and azide that also inhibit mitochondrial 
respiration. Peroxidase, in the presence of hydrogen peroxide, can 
oxidize monophenols, diphenols, monoamines, diamines, aromatic acids, 
amino acids, and ascorbic acid, as well as inorganic iodides and 
nitrites (65, 69). It is also involved in oxidative decarboxylation 
of methionine (53) and biosynthesis of ethylene (81). 
The localization of peroxidase in plant cells has not been deter­
mined with any degree of finality. The possibility exists that various 
sites of action exist in various plant tissue. Peroxidase is believed 
to be tightly bound to the structural protein of mitochondria and re­
leased into cytoplasm when mitochondria swell (24). It has been sug­
gested that the peroxidase found in the supernatant fraction, after 
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removal of mitochondria from cells, is probably synthesized in mito­
chondria and subsequently transported to the supernatant (36). Ascorbate 
causes mitochondrial swelling (29). The extent of release of peroxidase 
into the cytoplasm was found to be proportional to the swelling and lysis 
of mitochondria (24, 29). Injecting horseradish peroxidase into tomato 
and tobacco plants revealed that peroxidase can pass through membranes 
and move from cell to cell freely (48, 52). The molecular heterogeniety 
of this enzyme has been reported in numerous studies (14, 20, 36, 48, 
60, 67, 73, 76). This heterogeniety has been studied widely by com­
paring peroxidase isozymes in healthy and diseased plants. 
Role of peroxidase in pathogenesis 
The role of peroxidase in infected and resistant plants is unknown. 
It has been demonstrated that peroxidase activity increased in infected 
tissue as a response to infection, and was associated with symptom de­
velopment (18, 19, 20, 45, 78, 80) and other metabolic changes (4, 34, 
46, 64). Bell (4) reported that an increase in peroxidase activity was 
correlated with synthesis of the phytoalexin, gossypol, and related 
compounds in cotton. Peroxidase stimulants, such as ascorbic acid, 
catechol, chlorogenic acid, dopamine, hydroquinone, tryptophan and 
tyrosine at 10"^ to lO'S#, induced phytoalexin synthesis when infiltrated 
into cotton stems. When he treated infected plants with any one 
of the peroxidase inhibitors, such as cysteine, mercaptoacetic acid, 
mercapto ethanol, thiourea and sodium bisulphite each tested concentration 
extending from 10"^ to 10"^M prevented phytoalexin synthesis induced 
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by micro-organisms. 
Disease caused by bacteria Farkas and Lovrekovich (19) observed 
changes in the activity of several enzymes, including peroxidase, in 
wildfire toxin-treated tobacco leaves. They found that the increase in 
peroxidase activity in toxin-treated plants was due to the disorganiza­
tion of subcellular structure in infected areas. Lipetz and Gabton (45) 
assayed for peroxidase activity and lAA oxidase activity in normal and 
crown gall cells of Parthenocissus tricuspidata grown in nure culture. 
They observed higher peroxidase activity in normal tissue culture homo-
genates compared with crown gall tissue culture homogenates. More 
peroxidase was released however, to the external medium by the in­
fected crown gall tissue. They found that the entire surface of the 
agar upon which crown gall tissue had been grown could oxidize guaicol 
in the presence of H2O2, while only the area immediately beneath the 
normal tissue could oxidize guaicol in the presence of The 
reaction could be prevented by adding a few ml of 10"^ KCN (peroxidase 
inhibitor) to the agar before flooding with guaicol. Curtis (14) also 
found higher peroxidase activity and more isozyme bands in the homo­
genates of bean plants infected with Agrobacterium tumefaciens compared 
with healthy plants. 
Lovrekovich e^ al. (48) found that injection of heat killed cells 
of Pseudomonas tabaci into tobacco leaves induced not only increased 
peroxidase activity, but also formation of new isozyme bands. When 
they challenged the same leaves with a virulent strain of P. tabaci, 
the leaves were resistant to the pathogen. They also injected healthy 
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tobacco leaves with horseradish peroxidase (HEP) and challenged the 
leaves with a virulent strain of P. tabaci. The HRP-treated leaves 
were resistant to P. tabaci. Since HRP (Img/ml) had no effect on 
multiplication of P. tabaci in vitro they concluded that possibly the 
presence of host metabolite was needed for the defense mechanism in 
vivo. Lovrekovich e^ al^. (49) also reported that tobacco mosaic virus 
induced resistance to P. tabaci in tobacco plants by increasing peroxi­
dase activity in tobacco leaves. This resistance was positively cor­
related with virus-induced increase in host peroxidase activity. 
Disease caused by virus Loebenstein and Linsey (47) reported 
an increase in peroxidase activity in leaves and roots of vein clearing 
virus-infected sweet potato plants. Peroxidase activity was significantly 
higher in infected plants compared with healthy plants. An increase 
in enzyme activity was correlated with the appearence of symptoms. 
PôjTtcâs âud Solyïusoy (18) also found a good correlation between intensity 
of virus-induced chlorosis and increased peroxidase activity. Farkas 
and Stahmann (20) observed that an increase in peroxidase activity was 
associated with a change in isozyme pattern in southern bean mosaic 
virus-infected pinto beans. Treatment of virus infected bean plant 
with actinomyin D prevented formation of a different peroxidase isozyme 
that occurred in nontreated infected plants. 
Disease caused by fungi Bruce et aJL. (9) found that an increase 
in peroxidase activity in sweet potato suspended above Ceratocystis-
infected sweet potato in a closed container was associated with a 
volatile product and development of resistance to black rot caused by 
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Ceratocystis fimbriata. Weber et al. (80) also found that either a cul­
ture filtrate of C. fimbriata or a nonpathogenic isolate of Ceratocystis 
can activate peroxidase enzyme in susceptible plants. Such plants were 
resistant to C. fimbriata. They concluded that the induced resistance 
was due to the increase in peroxidase activity. A similar situation has 
been reported by Sijpesteijn (68). He found phenylthiourea (PTU) in­
duced an increase in peroxidase activity in cucumber seedlings, and 
consequently the seedlings were resistant to Cladosporium cucumerinum. 
His experiment consisted of placing cumcumber seedlings with their roots 
either in water or in a solution of PTU for two days. Then the PTU 
treated seedlings were transferred to water and sprayed with spore sus­
pension of C. cucumerinum. He found that the water treated plants were 
highly diseased seven days after inoculation. The PTU treated plants, 
in contrast, were completely resistant. 
A positive correlation between peroxidase activity and resistance 
in different organs or potato plants to Phytophcra infestans has been 
reported (22). Increased peroxidase activity was believed to be the 
cause of defense reaction to invading hyphae. It has been postulated 
that peroxidase activity was but one attribute contributing to a 
physiological resistance of host tissue. 
Jennings £t £l. (34) assayed for peroxidase activity in zsize 
hybrids resistant and susceptible to Helminthosporium carbonum. They 
measured enzyme activity after two weeks of inoculation with H. carbonum 
race 1 and 2. They found higher peroxidase activity in resistant plants 
infected with either race compared with the control. No difference in 
polyphenol oxidase activity was found. There was a three fold increase 
in peroxidase and polyphenol oxidase activity in susceptible plants 
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infected with race 1 and 2 compared with the controls. A similar situ­
ation has been observed by Rautella and Payne (64) in varieties of sugar-
beets resistant to Cercospora leaf spot. In sugarbeets, response of 
infection was characterized by an immediate increase in peroxidase and 
orthophenol oxidase. They postulated that peroxidase may be involved 
in an immediate defense reaction. 
Seevers et a^. (67) found that one peroxidase isozyme was con­
stantly associated with the development of a resistant reaction to rust 
infection in wheat plants. They believed that an increase in peroxi­
dase activity in resistant plants was a consequence of infection, and 
may not be a determinant in resistance. 
Effect of peroxidase on bacteria, fungi, virus, toxins and mycoplasma 
Kojima (41) found that peroxidase can accentuate the bactericidal 
effect of phenols in the presence of H2O2 and that phenols are oxidized 
to quinones by peroxidase in presence of H0O2. Furthermore, he sug­
gested that H2O2 usually produced as metabolic processes of bacterial 
activity, which in conjunction with peroxidase produced by host tissue, 
may cause oxidation of phenols to toxic quinones. The test organisms 
he used were Pseudomonas aeruginosa, Proteus sp , Escherichia col_i. var. 
communis, Serrâtia taarcescens, Bacillus mesentericug, and Staphylococcus 
aureus. 
Demeter and Steude (15) were the first to postulate that the 
peroxidase in milk had a bactericidal effect on Bacterium coli. How­
ever, they could not quantitate the relationship between peroxidase 
content in milk and an increase in the death rate of the bacteria. Later 
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Boevskaya (6) reported that there was rapid lysis of tubercle bacilli 
when he incubated bacterial cells in the presence of peroxidase, H2O2, 
KCLO3 and KNO3. 
McRipley and Sbarra (56, 57) reported that myeloperoxidase isolated 
from blood polymorphonuclear neutrophils (PMN), had bactericidal effects 
in the presence of H2O2, on Staphylococcus albus. Streptococcus pyogenes. 
Streptococcus faecalis, Bacillus subtilis, Listeria monocytogenes, 
Escherchia coli, Pseudomonas aeruginosa, and Shigella sonnei. However, 
most of the data they presented was on the effects of E. coli. The 
bactericidal effect of peroxidase on survival of various organism they 
tested was between 56.4% in Staphylococcus albus to 99.9% in Shigella 
sonnei. They also demonstrated that H2O2 formation in the cells was 
the result of increased activity of the hexose monophosphate pathway in 
blood cells. H2O2 was formed when NADPH2 oxidase oxidized NADPH2 (re­
duced nicotinamide adenine dinucleotide phosphate) to NADP. This H2^2 
acts as a substrate for peroxidase involved in intercellular killing 
of disease-producing bacteria. 
Miller (58) was the only researcher who did not find bactericidal 
effect of HRP in the presence of H2O2 and ascorbic acid on Salomenella 
pullorum and enteritidis. However, he was able to observe the 
bactericidal effect when he substituted HRP with lysozyme in the re­
action mixture. Lysozyme is an enzyme widely distributed in nature and 
is obtained from organisms ranging from microbes to large animals. In 
animals it seems to be of significance in preventing establishment of 
pathogens on mucosal surfaces. It does this by depolymerizing 
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mucopolysaccharides of the cell walls of micro-organisms, especially 
those with a repeating wall unit conçosed of N-acetylglucosamine and 
N-acetylmuramic acid. He suggested that the effector mechanism involves 
generation of short-lived free radicals during the reaction which dis­
turbs the integrity of the cell wall. These free radicals are non­
specific and might interfere in selective permeability. Free radicals 
were formed through the interaction of c:;ldizable substances, and 
hydrogen peroxide. 
Klebanoff (38, 39) found that a halide is required for peroxidase 
to be bactericidal. The bactericidal effect of myeloperoxidase was 
greater when iodide was used, than when bromides or chlorides were used 
in the assay system. There was no bactericidal effect when fluoride 
was used. He also demonstrated that H2O2 was generated by the organism. 
The antibacterial effect was decreased in the presence of cyanide, 
zzide and thiosulphate. Lehrer (44) reported that myeloperoxidase 
cand also be fungicidal in the presence of H2O2 and KI. He used andida 
albicans, C. tropicalis, £. stellatoidea, jC. parapilosis, C. krusei, 
C. pseudotropicalis, Saccharomyces, Geotrichum candidum, Rhodotorula 
sp., Aspergillus fumigatus and A. niger. He also demonstrated that 
^2*^2 BGHcrating system, comprised of amino acid oxidase, flavin adenine 
dinucleotide and D-alanine, could replace H2O2 in the fungicidal assay 
system, he was also able to demonstrate fungicidal effect of HRP. 
Belding ejt £l. (3) reported that peroxidase also had a virucidal 
effect against polio and vaccinia viruses. Peroxidase inactivated the 
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virus when they incubated the virus in a reaction mixture consisting 
of peroxidase, H2O2, and KI, for one hour. Agner (1) investigated de­
toxifying effect of peroxidase on diphtheria and tetanus toxins. He 
postulated that an unknown oxidized substance was responsible for the 
detoxifying effect, and that this substance might be a part of the 
toxin or associated with the toxin. 
Jacobs et. (32) found myeloperoxidase had a mycoplasmacidal 
effect in the presence of H2O2, and KI. Survival of Mycoplasma 
pneumoniae and M. homonis, was greatly reduced when the researchers 
incubated the Mycoplasma in the reaction mixture for 30 minutes. 
Production of Hydrogen Peroxide (H2O2) 
Hydrogen peroxide may be produced vivo by any one of the 
oxidase reactions. Oxidases are the enzymes involved in generation of 
H2O2. Strauss £t al. (74) found H2O2 was generated in spleen cells 
due to higher NADPH2 oxidase activity. This increase in NADPH2 activity 
was the consequence of an increased hexosemonophosphate activity (HMP). 
In the HMP pathway, NADP will be reduced to NADPH2. NADPH2 oxidase 
oxidizes NADPH2 back to NADP, thus making more NADP available to the 
cell. Another product of this reaction is H2O2. This H2O2 is thought 
to act as a source of substrate for peroxidase. Lehrer (44) demonstrated 
that amino acid oxidase is also involved in the generation of H2O2. 
Amino acid oxidase oxidizes amino acids to ammonia and keto acid in the 
presence of flavin adenine dinucleotide. This reaction also involves 
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the generation of H2O2. Extracellular production of H2O2 by micro­
organisms has been demonstrated quantitatively and qualitatively 
(12, 13 40). 
Cohen and Somerson (12) employed the catalase amino triazole 
method for measuring the secretion of H2O2 by Mycoplasma pneumoniae 
and ^  gallisepticum. This method for measuring secretion of H2O2 
was based upon the H2O2 dependent inhibition of catalase by 3-amino-l, 
2,4-triazole (AT). The rate of inhibition by AT was proportional to 
the rate of secretion of H2O2. Koenigs (40) qualitatively determined the 
secretion c H2O2 by micro-organisms using blood agar plates. He used 
both sheep blood and bovine hemoglobin powder in an agar base. Hydrogen 
peroxide production was inferred when a green discoloration developed 
beyond or under the colonies. Hydrogen peroxide production was also 
confirmed by using spectrophotometric analysis. There was a decrease 
in the absorbence from 603 nm to 405'nm, when he added H2O2 to hemo­
globin. He also used côtalàae aminotriazole in his assay system. 
Role of Ascorbic Acid and Ascorbic Acid Oxidase in Tissue 
Ascorbic acid can either be oxidized by peroxidase in the presence 
of H9O9 (65), or by ascorbic acid oxidase, a copper containing enzyme, 
present only in plants. Ascorbic acid can induce swelling and lysis 
of mitochondria resulting in release oE bound enzymes such as peroxidase. 
The content of ascorbic acid and ascorbic acid oxidase in plants has 
been widely used to explain 1) antimicrobial effects, 2) breaking 
disease resistance in plants and 3) a susceptible reaction. Like 
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peroxidase a change in ascorbic acid and ascorbic acid oxidase content 
of plants appears to be involved in response to infection, 
Myrvik and Volk (59) found auto-oxidized products of ascorbic 
acid had a bactericidal effect. Thyy studied the effect of ascorbic 
acid and oxidized products of ascorbic acid on Mycobacterium sp. 
Chromatographic studies revealed two oxidized compounds of ascorbic 
acid which were highly bactericidal. Ericsson and Lundbeck (16, 17) 
also found oxidized products of ascorbic acid were antagonistic to 
fungi, bacteria and viruses. Most results were based on the non-
enzymatic oxidation of ascorbic acid by H2O2 and copper ions. Peroxida­
tion of ascorbate rapidly diminished the bactericidal effect. When 
creatinine, cysteine, catalase, or uric acid were added to the reaction 
mixture, no antagonistic effect was observed. These compounds inhibited 
the oxidation of ascorbic acid. 
Johnson and Schall (35) followed the changes in ascorbic acid 
content of potato slices from plants infected by the aster yellow 
virus. There was a rapid increase in accumulation of ascorbic acid 
for the first two days after inoculation. This increase was followed 
by rapid decrease in ascorbic acid content. They suggested that 
oxidized products of ascorbic acid adjacent to infected tissue may play 
a role in disease resistance. However, Pilgrim and Futtrel (63) were 
not able to find any consistent correlation between the concentration 
of ascorbic acid in wheat plants and the resistance to stem rust of 
wheat plants. They postulated that ascorbic acid may function to protect 
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the plant against the shock of infection, thus enabling the plant to 
live longer after it is invaded by the pathogen. 
Krupka (42) checked the ascorbic acid and ascorbic acid oxidase 
content in homogenates of victorin-treated susceptible and resistant 
oats. He found that the ascorbic acid and ascorbic acid oxidase con­
tent were greater in susceptible tissue, than in resistant and controls 
which received no toxin. 
Oku (61) reported that ascorbate and glutathione were involved 
in the breakdown of disease resistance of rice plants to Cochliobolus 
miyabeanus. His data suggest that the greatest inhibition of spore 
germination occurred when the spore suspension was mixed with ascorbic 
acid or glutathione. However, he attributes this inhibition to 
phytoalexin synthesis. 
Spurr £t al^. (71) found high ascorbic acid oxidase activity was 
associated with crown gall development. This high level of ascorbic 
acid oxidase was attributed to the initiating action of the wounded 
tissue, and the action of bacteria, which resulted in the continuous 
growth of plant tissue. 
Parish et a_l. (62) infiltrated tobacco leaves with 5 x 10"^ 
ascorbic acid. These leaves were inoculated with the U2 strain of 
tobacco mosaic virus which is characterized by the formation of local 
lesions. They found that local lesion formation was inhibited in 
ascorbic acid infiltrated leaves. They attributed this effect to the 
action of ascorbic acid on reduction of quinones to nontoxic phenols. 
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Pertinant literature can be summarized as follows; 
1). The level of peroxidase activity is generally higher in 
infected tissues of resistant cultivars than in susceptible 
cultivars or uninfected plants. The molecular hetero­
geneity of peroxidase has been demonstrated and some isozyme 
bands are consistently associated with resistant plants. 
2). The peroxidase in animal tissue is believed to be anti­
microbial . 
3). An increase in peroxidase activity is often associated in 
plant tissues with an increase in ascorbic acid oxidase 
and orthophenol oxidase activities, 
4). Hydrogen peroxide, a substrate for peroxidase, has been 
shown to be secreted by some micro-organisms while invading 
plant or animal tissues; it also may be generated by various 
host oxidases. 
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MATERIALS AND METHODS 
Isolation of Xanthomonas phaseoli var. sojensis 
from Diseased Leaves 
Xanthomonas phaseoli var. sojensis was isolated from a typical 
bacterial pustule lesion on a naturally infected soybean plant of 
the cultivar Clark. Infected leaves were washed in running tap water 
overnight to remove extraneous material. The following day leaf discs 
containing lesions were cut with a number six cork borer, placed 
aseptically in test tubes containing sterile distilled water, and 
triturated with a sterile glass rod. Dilutions were made and plated 
on trypticase soy agar (TSA) plates. The plates were incubated at 30C 
and examined after 48 hours. Typical Xanthomonas colonies were isolated 
and purified by streaking them onto a TSA plate in order to obtain 
single colonies. One such colony was chosen as the test isolate. Routine 
diagnostic tests were made to identify the organism (54). Flagellation 
is one of the important characteristics used to determine the taxo-
nomic position of a bacterium. The conventional method (54) suggested 
for staining flagella was unsuccessful. Good flagella staining was 
accomplished by using exponentially growing bacterial cultures in a 
liquid medium. Bacterial cells were harvested by low speed centrifuga-
tion at 500 g for 10 minutes. The pellet was washed gently three times 
with O.OIM sodium phosphate buffer, pH 7.0, by centrifuging at 500 g 
for 10 minutes. The final pellet was suspended gently in 3 ml of the 
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same buffer. This suspension was used for negative staining with 2% 
phosphotungstic acid at pH 7.2. This isolate was used throughout the 
study. 
Growth Rate of Xanthomonas phaseoli var. sojens is 
Growth rate of X. phaseoli var. so.jensis was determined by growing 
the bacteria in 0.25% trypicase soy broth at 30 G for six hours. Changes 
in rate of growth were observed by changes in optical density at 540nm 
at 30 minutes. Viability of bacterial cells was also determined by 
taking samples at 30 min. intervals. Growth rate of the bacteria is 
often expressed as generation time which is the time required for a 
growing population to double. Generation time was calculated using 
the following formulae (72); 
Number of divisions = log - log 
0.301 
where = Initial number of bacteria in culture 
= Greater number of bacteria obtained at 
subsequent time 
Generation time = 1 
generation/hr 
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Inoculation of Clark Soybeans with 
Xanthomonas phaseoli var. sojensis 
Inoculum was prepared by culturing X. phaseoli var, sojensis for 
48 hr. on TSB at 30 C. The cells were harvested by centrifugation at 
3300 g for 15 min, washed twice in O.GIM (sodium phosphate) buffer, 
pH 7.0 and suspended in 3-5 ml of buffer. Optical density of this 
suspension was adjusted to 0.75 (0^540nm^' Dilution of this suspension 
10-fold resulted in 10^ cells/ml. Bacterial cells (10^/ml) were sprayed 
onto the lower surface of the leaves of plants in the trifoliate stage 
with an atomizer attached to a compressed air line (15 psi) until the 
leaf surface was thoroughly wet. 
Plant Material 
Near isogenic lines of soybeans Clark and Clark 53, rsspsctivsly 
susceptible and resistant to X. phaseoli var. sojensis were used. 
Seeds were soaked in 0.525% sodium hypochlorite (NaOCL) for 15 min. 
washed thoroughly, and placed between two layers of moist paper toweling 
(31 cm^) about 5 cm from one edge and 1 cm apart. The towels were 
rolled up and each was placed in a glass jar (14 x 6.5 cm) containing 
100 ml of demineralized, distilled water. Jars were covered with plastic 
bags to minimize evaporation, and were kept in the dark at 25 C for 
seven days (10). 
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Isolation of Mitochondria 
Mitochondria were isolated from roots as in Fig. 1. Grinding 
medium (8) consisted of: 20mM N-2-hydroxyethylpiperazine N-2-ethane 
sulfonic acid (HEPES), 0.3 M mannitol, 1 mM ethylenediaminotetraacetic 
acid (EDIA), 0.1% bovine serum albumin (BSA), and 0.05% cysteine. The 
final pH was adjusted to 7.2 with 4 N sodium hydroxide. 
Partial Purification of Peroxidase 
Mitochondria 
Peroxidase was partially purified by ammonium sulfate precipita­
tion methods (77, 82) as depicted in Fig. 2. Mitochondrial pellets 
were washed twice with O.IM sodium phosphate buffer before ammonium 
sulfate precipitation. 
Supernatant 
Peroxidase was partially purified from the supernatant fraction 
by ammonium sulfate precipitation as outlined in Fig. 3. 
Protein Determination 
Total protein of all the enzyme preparations were deter­
mined using the method of Lowry ££ a^. (50). Since HEPES buffer inter­
feres with protein determination by reacting with folin reagent, it was 
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Homogenize roots in the grinding medium 
(Tissue to medium ratio 1:2, w/v) 




Centrifuge at 1,000 g for 15 min. 
1 
Centrifuge supernatant 





Resuspend pellet in grinding 
medium and centrifuge at 250 g 










Resuspend mitochondrial pellet 
in grinding medium. 3 ml grinding 
medium per 20 g fresh weight. 
1 
Discard pellet 
Fig, 1. Flow chart for isolation of soybean mitochondria 
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Mitochondrial fraction 
Wash twice with 0.1 M sodium phosphate buffer (pH 7.0) 
and centrifuge 10,000 g for 15 min. 
Suspend pellet in 0.1 M sodium phosphate buffer (ph 7.0) 
and add (NH^)2 SO^ to saturation. Stir 30 min. 
Add two volumes of 0.1 M sodium phosphate buffer (pH 7.0) 
and centrifuge at 10,000 g for 15 min. 
r 
Resuspend pellet in 0.1 M sodium Discard Supernatant 
phosphate buffer (pH 7.0) and 
add (NH^)» SO^ to saturation. 
Stir 30 mm. 
Add two volumes of sodium phosphate buffer 
(pH 7.0) and centrifuge at 10,000 g for 
15 min. 
I I 
Resuspend pellet in minimal volume of Discard Supernatant 
0.1 M sodium phosphate buffer (pH 7.0) 
and dialyze against O.OIM phosphate 
buffer (pH 7.0) for 24 hr. at 4 C. 
Fig. 2. Flow chart for isolation and partial purification of 
peroxidase from soybean mitochondria 
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Homogenize roots in the grinding medium 
(Tissue to medium ratio 1:2 w/v) 
Filter through eight layers of cheese cloth 
I 
Centrifuge supernatant at 
10,000 g for 15 min. 
J 
Centrifuge at 1000 g for 15 min. 
\ 
r 
Add (NH4)2S0^ to supernatant to 
saturation and stir for 30 min. 
Add two volumes of O.OlM sodium phosphate 
buffer and centrifuge at 10,000 g 
for 15 min. , 
r-J— : 
Resuspend pellet in O.OIM' sodium phosphate 
buffer (pH 7.0) and add (NH4)2 to 
saturation stir for 30 min. Add 
two volumes of O.OIM sodium phosphate 
»u eiLt«a v^ciiui. aw ^ 
15 min. 
r i 
Resuspend pellet in minimal volume of 
O.IM phosphate buffer pH 7.0 and 
dialyze against 0.01% sodium phosphate 









Fig. 3. Flow chart for isolation and partial purification of 
peroxidase from supernatant fraction 
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removed by washing the pellet twice with O.OlM sodium phosphate buffer, 
pH 7.0, before protein determinations were made. A standard curve 
was plotted for protein (0-400 ^g/ml) using BSA. 
Determination of Enzyme Activity 
Peroxidase 
Peroxidase activity was measured by adopting the procedure suggested 
by Luck and Strissel (51, 76). Enzyme assay was based on the oxidation of 
£-phenylenediamine in presence of hydrogen peroxide, and quantitated 
spectrophotometrically using a Bausch and Lomb Spectronic 20 spectro­
photometer at 485 nm. The reaction medium consisted of; 1.0 ml 
£-phenylenediamine (0.1%), 0.4 ml hydrogen peroxide (3 x 10"%), 1.0 ml 
citrate (0.030M) phosphate (0.038M) buffer, pH 4.1, 1.0 ml enzyme, 
and enough distilled water to bring total volume to 6 ml. Changes in 
optical density were recorded ac 20 second intervals. Peroxidase 
activity was expressed as units of activity/mg protein/min and was 
calculated using the following formula 
OD/min x dilution of the enzyme used for assay 
mg protein 
= units of activity/mg protein. 
Change in optical density against time was plotted and the first three 
points which lay on a straight line and cut the ordinate at zero time 
were used. 
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Ascorbic acid oxidase 
Assay of ascorbic acid oxidase was based on the oxidation of 
ascorbic acid to dehydroascorbic acid and diketogulonic acid. During 
this reaction oxygen from the environment was utilized. Oxygen uptake 
was monitored polarographically using a Clark oxygen electrode (YSI 
Model 53). The solubility of oxygen in water in equilibrium with air 
at 30 C was used to calibrate the apparatus when the solution was 
oxygen saturated at ambient atmospheric pressure. The saturation 
concentration of oxygen in solution was 5.2 pl/ml at 100%.saturation 
(1/5 of the bunsen coefficient, 0.026 ml/ml at 30 C). Total volume of 
the reaction mixture was 3 ml. The reaction mixture consisted of: 
0.5 ml citrate (0.024M) phosphate (0.054M) buffer, pH 5.0, 0.33 ml 
citrate (0.030M) phosphate (0.038M) buffer pH 4.1, 0.4 ml O.OIM 
ascorbic acid (in O.OIM sodium phosphate buffer pH 5.75), 0.25 ml enzyme, 
and 1.52 ml sterile distilled water. All components except ascorbic 
acid were added to the chamber. After stirring for three min for 
temperature equilibration, the reaction was initiated by adding 
ascorbic acid and allowed to proceed for six minutes. Oxygen uptake 
was calculated using the following formulae. 
yPl/O2 consumed/min = A 7o saturation/min x 5.2 pl/ml 
X total vol of the reaction mixture 
UI/O2 consumed/mg protein = consumed/min x dilution of 
enzyme in assay mixture 
mg protein 
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Determination of Effect of Xanthomonas phaseoli 
var. soiens is on Peroxidase Activity in Mitochondria 
Effect of X. phaseoli var. sojensis on peroxidase activity 
of mitochondria was determined by incubating bacterial cells with 
mitochondrial fraction as follows. Bacterial cell, 1 ml from 
the overnight broth culture were inoculated into 100 ml of 0.25% 
trypticase soy broth in a side arm flask and incubated at 30 C in an 
incubator shaker. Changes in ODg^Onm 30 min were recorded. When 
the CD reached 0.34 (3 x 10® viable cells/ml), cells were harvested by 
centrifugation at 3000 g for 15 min, washed twice with sterile O.OIM 
sodium phosphate buffer, pH 7.0, and suspended in 3-5 ml of buffer. 
The CD of this suspension was adjusted to 0.8 resulting in a concentra­
tion of bacteria of 10® cells/ml. This bacterial suspension was diluted 
to 10^, 10^, 10^, and 10^ cells/ml. Dilution plates were also made to 
check the concentration of bacterial cells in each dilution. One mi 
of bacterial cells from each dilution were incubated with 1 ml of the 
mitochondrial suspension of either Clark or Clark 63 for one hour. The 
bacterial cells were pelleted from mitochondrial fraction by differential 
centrifugation at 3300 g for 15 min, and the supernatant was used for 
assaying peroxidase activity. 
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Determination of the Bactericidal Effect of Peroxidase 
on Xanthomonas phaseoli var. sojens is 
Preparation of bacterial cells for assay 
Bacterial cells, 1 ml from an overnight broth culture of X. 
phaseoli var. sojensis were placed in 100 ml of 0.25% TSB in a side 
arm flask and incubated at 30 C in a shaker incubator. Optical 
density at 540 nm was recorded at 30 min intervals. When OD reached 
0.34 (3 X 10® viable cells/ml), cells were harvested by centrifugation, 
washed twice with sterile citrate (0.024M) phosphate (0.054M) buffer, 
pH 5.0, and suspended in 3-5 ml of the same buffer. OD of this suspension 
was adjusted to 0.75. Dilution of this suspension 10-fold resulted in 
10^ cells/ml. This suspension was used for assay. 
Assay of the bactericidal effect of peroxidase 
Model for bactericidal assay uszng horseradxsh peroxidase (HRP) 
The procedure used to study the bactericidal effect of peroxidase was the 
same as that of Lehrer (44) except that the source of enzyme and concen­
tration of components were modified. The assay components were brought to 
a final volume of 2 ml in sterile tubes (12 x 95 ram) and incubated for 
30 min at 37 C in a constant temperature water bath with the rotary 
shaker adjusted to 100 cycles/min. The components of the stock solu­
tions were added as follows; 0.33 ml citrate (0.030M) phosphate (0.038M) 
buffer pH'4.1, 0.44 ml potassium iodide (IC^M), 0.14 ml hydrogen 
peroxide (3 x 10"^), 0.25 ml horseradish peroxidase (400 ^g/ml) 0.36 ml 
sterile distilled water, 0.5 ml bacterial cells (10^/ml). When any 
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reactants were omitted they were replaced by an appropriate volume 
of distilled water. After 30 min incubation triplicate samples were 
diluted with trypticase soy broth, spread on trypticase soy agar plates 
and incubated for 24 to 48 hr at 30 C for viability counts. Data 
represent averages of three replications. Percent survival using buffer 
control as 100% survival was calculated using the following formula: 
Mcterlal cells in treated plates ^ . % survival. 
Bacterial cells in buffer control plates 
A difference of one log unit between treatments was considered as 
significant. 
Assay of the bactericidal effect of peroxidase from soybeans 
The bactericidal effect of peroxidase in cellular fractions such as 
mitochondria and supernatant of either Clark or Clark 63 was studied 
using the same amount of assay components as in the HRP model system. 
However, HRP was replaced by the same volume of appropriate enzyme 
preparations from soybeans. 
Influence of ascorbic acid or dehydroascorbic acid on survival of 
Xanthomonas phaseoli var. sojensis 
Bactericidal effect of ascorbic acid or dehydroascorbic acid 
was studied using the same HRP model. The assay components at a final 
volume of 2 ml consisted of 0.5 ml bacterial cells (10^/ml), 0.4 ml 
appropriate dilution of ascorbic acid or dehydroascorbic acid, 0.33 ml 
citrate (0.030M) phosphate (0.038M) buffer, pH 4.1, and 0.77 ml distilled 
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water. The lytic effect of either ascorbic acid or dehydroascorbic 
acid in the presence of HRP and various peroxidase fractions from 
Clark and Clark 63 was studied using the HRP model system. The 
ascorbic acid or dehydroascorbic acid was added at a final concentra­
tion of 20 nmoles/ml to the reaction mixture. 
Extracellular Production of Hydrogen Peroxide by Bacteria 
Extracellular production of hydrogen peroxide was detected by 
growing Xanthomonas phaseoli var. so iensis and Xanthomonas sp. on 
blood agar plates. The method of Bertram et al. (5) was modified by 
using bovine red blood cells in a TSA base, A change in color of the 
blood cells from red to yellow indicated the presence of HgOg- Hydrogen 
peroxide production was inferred when yellow discoloration developed 
beyond or under bacterial colonies growing on blood agar plates. The 
basal medium consisted of 30 g TSA in 950 ml distilled water. The 
medium was autoclaved for 15 min and cooled to 50 C, and 50 ml of 
fresh defibrinated bovine red blood cells held at 26 C for one hr was 
added, and 25 ml poured with constant stirring into each plate. The 
plates were inoculated with X. phaseoli var. sojens is, and a Xanthomonas 
sp. and incubated at 30 C for 48 hr in the dark. The validity of 
assuming that yellow coloration in the plates was due to the production 
of H2O2 by the bacteria was tested by placing a drop of 2% H2O2 in 
buffer saline on uninoculated plates. 
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RESULTS 
Characteristics of Xanthomonas phasedi var. sojensis 
The object of pure culture study is to determine the identity 
of any bacterial culture under investigation. The most widely used 
system for describing and classifying bacteria is based upon infor­
mation on structural and physiological characteristics. It is for the 
same purpose that cultural and physiological characteristics of X. 
phaseoli var. sojensis were determined. 
Cultural characteristics 
The bacterium, a gram negative rod, measured 0.8-1.6 microns in 
length and grew well on trypticase soy agar. The colonies were yellow, 
circular, convex, with entire margins. The motile bacterium possesses 
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Physiological characteristics 
Citrate was utilized, nitrate was reduced, ammonia was produced, 
indole was produced, catalase activity was positive, hydrogen sulfide 
was not produced, dextrose ^as net cleaved, gelatin vas net hydrclyzed 
and starch hydrolysis was slight. 
Acid and gas was generated on adonitol, dextrose, levulose, 
galactose, rhamnose, mannose, sucrose, trehalose, maltose, lactose, and 
melibiose. Acid but no gas was generated on dulcitol, xylose, raffinose, 
and salicin. 
Fig. 4. Xanthomonas phaseoli var. sojensis with a single polar 
flagellum. Negatively stained with phosphotungstic acid 









Establishment of Pathogenicity of Xanthomonas 
phaseoli var. sojensis on Clark Soybeans 
Characteristic chlorotic spots developed on the leaves of Clark 
variety on day four after inoculation with X. phaseoli var. sojensis. 
These symptoms were followed by the appearance of well defined pustules 
surrounded by a yellow halo on day seven after inoculation (Fig. 5). As 
the disease advanced the pustules ruptured and a reddish brown spot 
appeared surrounded by a yellow margin under field conditions and a 
halo under greenhouse conditions. Clark leaves were more badly 
diseased in the field than in the greenhouse. 
Growth and Multiplication of Xanthomonas 
phaseoli var. sojensis 
The growth rate of X. phaseoli var. sojensis was studied to 
establish incubation period for future bactericidal assay. Growth 
rate of bacterial cultures conventionaly is expressed in terms of 
generation time. The generation time is the time required for the 
given population to double. X. phaseoli var. sojensis grew well in 
0.25% trypticase soy broth. Representation of the growth of pustule 
bacteria is depicted in Fig. 6. The period of time required for one 
generation was 31 minutes. 
Fig. 5. Bacterial pustule of soybeans: a) healthy leaflet, 
b) infected leaflet, c) pustule on the upper surface 
of a leaflet 

Fig. 6. Growth curve of Xanthomonas phaseoli var. sojens is in 
trypticase soybroth at 30C, based on viable count and 
optical density 
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Peroxidase Activity in Mitochondrial Fraction of 
Clark and Clark 63 Soybeans 
Peroxidase activity in the mitochondrial fraction from Clark 63 
was 2.7 times greater than that from Clark (Fig. 7). There was no 
significant increase in peroxidase activity in mitochondrial fractions 
of either Clark or Clark 63 when they were incubated with X. phaseoli 
var. sojensis at concentrations of 10^, 10^ and 10^ cells/ml. There 
was a 34% reduction in peroxidase activity in the mitochondrial 
fraction of Clark 63 compared to a 47% reduction in that of Clark when 
they were incubated with higher bacterial concentrations of 10^ or 10® 
cells/ml (Fig. 7). 
Ascorbic Acid Oxidase Activity in Mitochondrial Fractions 
Greater ascorbic acid oxidase activity and ascorbic acid content 
in resistant plants has been suggested to be involved in the defense 
mechanism (35, 63). It is also known that peroxidase can oxidize 
ascorbic acid (65). Hence it was necessary to determine the ascorbic 
acid oxidase activity in Clark and Clark 63 mitochondrial fractions. 
Oxidation of ascorbic acid by ascorbic acid oxidase is involved in 
utilization of molecular oxygen from the environment. The rate of 
oxygen uptake is proportional to the slope. Representative polaro-
graphic traces depicting oxygen utilization by mitochondrial fractions 
of Clark, Clark 63, and horseradish peroxidase with ascorbic acid (O.OIM) 
Fig. 7. Peroxidase activity in mitochondrial fractions of Clark and 
Clark 63 soybeans before and after incubation with various 
concentrations of Xanthomonas phaseoli var. soiensis 
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as substrate are presented in Fig. 8. The slope was obtained from 
these traces to calculate ascorbic acid oxidase activity. Clark 63 
mitochondrial fraction had four times greater ascorbic acid oxidase 
activity than that of Clark and than horseradish peroxidase (Fig. 9). 
Bactericidal Effect of Peroxidase, Alone 
and in Combination with Ascorbic Acid 
Although there are many reports of differences in peroxidase 
activity in resistant and susceptible plants, a physiological role of 
peroxidase has not been demonstrated. It was decided to test for the 
bactericidal effect of peroxidase present in soybean plants. The 
hypothesis was that peroxidase is bactericidal. The parameters employed 
in this study of the antibacterial effect of peroxidase were: 1) de­
velopment of a suitable model system using horseradish peroxidase 
(HR?), 2) decerminacion of optimum concentration or HR?, 3) bactericidal 
effect of HRP in presence of ascorbic acid or dehydroascorbic acid, 
4) effect of incubation time on survival of bacteria in presence of 
HRP and HRP with the addition of ascorbic acid, 5) bactericidal effect 
of peroxidase from various fractions of Clark and Clark 63, either alone 
or in combination with ascorbic acid and 6) effect of incubation time 
on survival of bacteria in presence of peroxidase from various fractions 
of Clark and Clark 63, either alone or in combination with ascorbic 
acid. 
Fig. 8. Polarographic traces of the oxidation of ascorbic acid by horseradish 
peroxidase and mitochondrial fractions of Clark and Clark 63 soybeans 
(arrows indicate the times at which ascorbic acid was added) 
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Fig. 9. Rates of oxygen uptake during the oxidation of ascorbic 
acid by mitochondrial fractions of Clark and Clark 63 
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Horseradish peroxidase (HRP) model system 
The HRP model system for bactericidal effect of peroxidase on X. 
phaseoli var. sojensis consisted of incubating bacterial cells in 
HRP, HgOg and KI for 30 minutes. The number of surviving cells 
from the original population was determined after incubation by a 
"viable count" method. The viable count constitutes the most sensitive 
method for estimation of bacterial growth or death for even one cell 
can be detected. The viable count revealed that there was 99.91% 
loss in viability of X. phaseoli var. sojensis with HRP (50 pg/ml) in 
the assay system (Table 1). Hydrogen peroxide, potassium iodide, and 
HRP alone or in the various combinations tested did not depress the 
viable counts of X. phaseoli var. sojensis significantly. This figgested 
that all the components should be in the assay system for peroxidase 
to be effective bactericidally. The heated (HRP) enzyme did not have 
any bactericidal effect when it was used with all components of the 
assay system (Table 1). 
Effects of various concentrations of HRP on survival of Xanthomonas 
phaseoli var. sojensis 
Preliminary studies indicated that HRP (50 lug/ml) was bactericidal 
in the assay system. Various concentrations of HRP (50 jig/ml -
1000 Jig/ml) were chosen for assay. Incubation of X. phaseoli var. 
sojensis with various concentrations of HRP in the assay system revealed 
that HRP at 50 ^g/ml had the greatest bactericidal effect (Fig. 10). 
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Table 1. Survival of Xanthomona s phaseoli var. sojensis in presence 






1 CPB® 100.00 
2 CPB + HgOg 100.00 
3 CPB + HgOg + KI 67.00 
4 CPB + KI + HRpb 100.00 
5 CPB + KI 89.00 
6 CPB + HgOg + KI + HRP 0.09 
7 CPB + + KI + HRP(heated enzyme) 100.00 
^Citrate phosphate buffer. 
Enzyme activity in OD units = 3&25/mg protein. 
Fig. 10. Effect of various concentrations of horseradish peroxidase 
on survival of Xanthomonas phaseoli var. sojensis 
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Increasing concentration of enzyme did not augment bacterial death. 
Bactericidal effect of HRP on Xanthomonas phaseoli var. sojensis in 
presence of ascorbic acid or dehydroascorbic acid 
This study was initiated to determine the augmentive effect of 
ascorbic acid or dehydroascorbic acid in presence of HRP in the 
assay system. An increase in bactericidal effect of HRP (50 pg/ml) 
occurred when ascorbic acid (20 nmoles/ml) was incorporated in the assay 
mixture. This resulted in 99.9997» loss in viability of X. phaseoli 
var. sojensis. Substituting dehydroascorbic acid (20 nmoles/ml) further 
accentuated the bactericidal effect resulting in a total loss in 
viability of X. phaseoli var. sojensis (Table 2). 
Effect of incubation time on survival of Xanthomonas phaseoli var. 
sojensis in presence of HRP with and without ascorbic acid 
Earlier studies indicated that HRP was bactericidal to X. phaseoli 
var. sojensis and the optimum concentration was 50^g/ml. It was also 
evident that addition of ascorbic acid to the assay mixture augmented 
the bactericidal effect of peroxidase. It then was of interest to 
determine the bactericidal effect of HRP, and HRP with the addition of 
ascorbic acid (20 nmoies/mi) with respect to time of incubation. 
Bacterial cells of X. phaseoli var. sojensis were incubated with the 
assay mixture for 15, 30, 45, and 60 minutes. Viable count was de­
termined by plating after each time interval. There was no significant 
difference in bactericidal effect of HRP when X. phaseoli var. sojensis 
was incubated for 15 or 30 minutes (Fig. 11). Although there was a 
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Table 2. The effect of horseradish peroxidase in combination with 
ascorbic acid or dehydroascorbic acid on survival of 





1 CPB* 100.000 
2 CPB + ascorbic acid^ 100.000 
3 CPB + dehydroascorbic acid'' 100.000 
4 CPB + H2O2 + KI + HRP^ 0.090 
5 CPB + HgOg + KI + HRP + ascorbic acid 0.001 
6 CPB + H2O2 + KI + HRP + dehydroascorbic acid 0.000 
^Citrate phosphate buffer. 
^20 nmoles/ml. 
^20 nmoles/ml. 
^Enzyme activity in OD units = 3625/mg protein. 
Fig, 11. The effect of incubation time on survival of Xanthomonas 
phaseoli var. soiensis in presence of horseradish peroxidase 
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decrease in percent of survival after 45 min incubation, incubation 
for an hour did not have additional bactericidal effect (Fig. 11). How­
ever, addition of ascorbic acid (20 nmoles/ml) to the assay components 
resulted in a further progressive loss of viability (Fig. 11). 
Bactericidal effect of peroxidase from various fractions of either 
Clark or Clark 63 
After establishing the participation of horseradish peroxidase in 
the antibacterial action on X. phaseoli var, sojensis, an effort was 
made to investigate the bactericidal effect of soybean peroxidase in 
1) the mitochondrial fraction, 2) a partially purified peroxidase from 
mitochondria and 3) the supernatant fraction from the bacterial pustule 
susceptible and resistant cultivars. 
Bactericidal effect of peroxidase from mitochondrial fraction of 
either Clark or Clark 63 The mitochondrial fractions of Clark and 
Clark 63 had enzyme activities of 4.6/mg OD units and i2.2/me OD units 
respectively. Those from Clark 63 had 2.6 fold greater activity than those 
from Clark. When HRP was replaced by 0.25 ml of enzyme preparation from 
either Clark or Clark 63 soybeans there was no bactericidal effect 
of either (Table 3). When ascorbic acid (20 nmoles/ml) was added to 
the assay components, however, a reduction of 76% in viability of X. 
phaseoli var. sojensis with Clark, and a reduction of 90% with Clark 63 
mitochondrial fractions were obtained (Table 3). The difference in 
bactericidal effect of peroxidase from Clark 63 mitochondrial fraction 
was one log unit greater than controls. 
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Table 3. The effect of peroxidase mitochondrial fractions isolated 
from Clark and Clark 63, on survival of Xanthomonas phaseoli 
var. sojensis 
Treatment Component Survival 
number % 
1 CPB® 100.00 
2 CPS + HgOg + KI + Clark enzyme^ 100.00 
3 CPB + HgOg + KI + Clark 63 enzyme^ 100,00 
4 CPB + H.Og + KI + ascorbic acid'^+ 
Clark enzyme 24.00 
5 CPB + H2O2 + KI + ascorbic acid + 
Clark 63 enzyme 10.00 
^Citrate phosphate buffer. 
^Enzyme activity in OD units = 4.6/mg protein. 
Enzyme activity in OD units = 12.2/mg protein. 
*^20 amoles/ml. 
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Bactericidal effect of partially purified peroxidase from 
mitochondria from either Clark or Clark 63 The foregoing experiment 
suggested that the peroxidase from Clark and Clark 63 is involved in 
the bactericidal effect. However, the magnitude of bactericidal effect 
was greater when mitochondria of Clark 63 (resistant) was used compared 
to mitochondria of Clark (susceptible). Since peroxidase is believed 
to be tightly bound to the structural protein of mitochondria, attempts 
were made to partially purify peroxidase from mitochondria by (NH^)2 SO4 
precipitation so that bound peroxidase was not only released but 
concentrated. Such preparations respectively from Clark and Clark 63 
mitochondria had peroxidase activities of 10.2/mg OD units and 
31.3/mg OD units. Therefore, peroxidase activity in Clark 63 was about 
3-fold greater than in Clark. 
When these enzyme preparations were used in the assay system to 
study the bactericidal effect of peroxidase, Clark 63 enzyme prepara­
tion lysed 80% of the viable cells of X. phaseoli var. sojensis whereas 
enzyme preparation of Clark had no effect on X. phaseoli var. sojensis 
(Table 4). 
Addition of ascorbic acid (20 nmoles/ml) to the assay components 
resulted in 97% lysis of viable bacterial cells when Clark 63 enzyme 
was used and only 57% lysis of viable bacterial cells when Clark enzyme 
was used (Table 4). 
Bactericidal effect of partially purified peroxidase from super­
natant fraction of Clark and Clark 63 It has been suggested that 
the peroxidase found in the supernatant fraction after separating 
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Table 4. The effect of partially purified peroxidase isolated from 
Clark and Clark 63 mitochondria on survival of Xanthomonas 
phaseoli var. so i ensis 
Treatment Component Survival 
number % 
1 CPB® 100.00 
2 CPB + HgOg + KI + Clark enzyme b 100.00 
3 CPB + H2O2 + KI + ascorbic acid + 
Clark enzyme^ 43.00 
4 CPB + H2O2 + KI + Clark 63 enzyme^ 20.00 
5 CPB + H2O2 + KI + ascorbic acid^ + 
Clark 63 enzyme^ 3 OO 
^Citrate phosphate buffer. 
^Enzyme activity in OD units = 10.2/mg protein, 
c 
Enzyme activity in OD units = 31.3/mg protein. 
^20 nmoles/ml. 
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mitochondria from cells, is probably synthesized in mitochondria and 
subsequently transported to the supernatant (36). This study was 
initiated to determine the bactericidal effect of peroxidase in the 
supernatant fraction on X. phaseoli var. sojensis. Peroxidase activity 
in the supernatant fraction of Clark 63 was 1.6-fold greater than in 
that of Clark (Table 5). Enzyme preparations of Clark 63 resulted in 
22% loss of viable cells whereas the enzyme preparation of Clark re­
sulted in 96.5% loss of viable cells (Table 5). Addition of ascorbic 
acid (20 nmoles/ml) to the assay components resulted in no loss of 
viable cells when an enzyme preparation from Clark 63 was used, com­
pared to a 94.2% loss in viable cells when an enzyme preparation from 
Clark was used (Table 5). 
Effect of incubation time on survival of Xanthomonas phaseoli var. 
sojensis in presence of peroxidase from various fractions of either 
Clark or Clark 63 with and without ascorbic acid 
Preliminary studies indicated that peroxidase from various 
fractions of Clark and Clark 63 had bactericidal effect. Furthermore, 
addition of ascorbic acid to the reaction mixture augmented the 
bactericidal effect of peroxidase. It was of interest to determine 
bactericidal effect of peroxidase from various fractions of either 
Clark or Clark 63 with respect to time of incubation. The concentra­
tion of each reactant in the assay mixture was identical to that used 
throughout. The assay mixtures were incubated for 15, 30, 45, and 
60 minutes. After each interval one control and two experimental tubes 
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Table 5. The effect of partially purified peroxidase from supernatant 
fractions of Clark and Clark 63 on survival of Xanthomonas 
phaseoli var. sojensis 
Treatment Component Survival 
number % 
1 CPB® 100.00 
2 CPB + H202 + KI + Clark enzyme^ 3.50 
3 CPB + H2O2 + KI + ascorbic acid + 
Clark 63 enzyme^ 78.00 
4 CPB + H2O2 + KI + ascorbic acic^ + 
Clark enzyme 5.80 
5 CPB + H2O2 + KI + ascorbic acid + 
Clark 63 enzyme 100.00 
^Citrate phosphate buffer. 
^Enzyme activity in CD units = 17.10/mg protein. 
^Enzyme activity in OD units = 27.94/mg protein. 
^20 nmoles/ml. 
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were removed, after which appropriate dilutions were made and these 
suspensions were plated on trypticase soy agar plates as usual. 
Bactericidal effect of peroxidase in mitochondrial fractions of 
Clark and Clark 63 Bactericidal effect of peroxidase increased 
more with incubation time when the mitochondrial preparation of Clark 
63 was used in the assay than when that of Clark was used. There was 
almost one log unit lesser killing of bacteria by Clark than by Clark 
63 mitochondria. Incorporation of ascorbic acid (20 nmoles/ml) did 
not enhance the bactericidal effect of peroxidase from either Clark 
or Clark 63 after 30 min incubation (Fig. 12). 
Bactericidal effect of peroxidase in partially purified enzyme 
from mitochondria of Clark or Clark 63 The bactericidal effect of 
partially purified peroxidase from Clark 63 increased with time more 
rapidly than did that from Clark. After 30 min incubation there was 
one log unit more killing of bacteria by Clark 63 than by Clark enzyme 
preparation (Fig. 13). Incubation for one hour resulted in two more 
log units of killing of bacteria by Clark 63 enzyme than by that of 
Clark. Addition of ascorbic acid (20 nmoles/ml) to the reaction 
mixture accentuated the bactericidal effect of peroxidase to the 
greatest extent resulting in a four log unit killing with the Clerk 
63 enzyme preparation but only one unit with the Clark enzyme prepara­
tion (Fig. 13). 
Bactericidal effect of partially purified peroxidase from super­
natant fractions of Clark and Clark 63 The bactericidal effect of 
partially purified peroxidase from supernatant fractions of Clark 
Fig. 12. The effect of incubation time on survival of Xanthomonas 
phasedi var. sojensis in presence of peroxidase in 
mitochondrial fractions of Clark and Clark 63, with or 





^  10 .0  
LU 
O 
Buffer  control  
o—o Clark mitochondria + ascorbic aci a 
A 6  Clark 63 mitochondria  
A—A Clark 63 mitochondria + ascorbic acid 
MINUTES 
Fig. 13. The effect of incubation time on survival of Xanthomonas 
phaseoli var. sojensis in presence of partially purified 
peroxidase from mitochondria of Clark and Clark 63, with 
or without ascorbic acid 
65 
1 0 0 . 0 0  —  
-o  
1 0 . 0 0  —  
oc 
CO 




Cla rk  pa r t i a l l y  pu r i f i ed  enzyme 
o—o Clark partially purified I  enzyme ^ i  
+  asco rb ic  ac id  
C la rk  63  pa r t i a l l y  pu r i f i ed  enzyme 
^  A C la rk  63  pa r t i a l l y  pu r i f i ed  enzyme 
+  ascorb ic  ac id  
0 . 0 1  
MINUTES 
66 
increased, only at 30, 45, min incubation than did that of Clark 63. 
There was almost one log unit difference in killing between Clark and 
Clark 63 enzyme preparation at 30 and 45 min intervals (Fig. 14). 
Incubation for an hour did not show any significant difference between 
enzyme preparations of Clark and Clark 63. Incorporation of ascorbic 
acid (20 nmoles/ml) did not enhance the bactericidal effect of peroxi­
dase in supernatant fractions of either Clark or Clark 63 (Fig. 14). 
Lytic Effect of Various Concentrations of Either 
Ascorbic Acid or Dehydroascorbic on Survival of 
Xanthomonas phaseoli var. sojensis 
Ascorbic acid enhances the bactericidal effect of peroxidase under 
certain conditions. The following experiments were performed in an 
attempt to resolve whether ascorbic acid or dehydroascorbic acid alone 
had any bactericidal effect. The assay mixture consisted of an 
appropriate volume of buffer, bacterial cells, and one concentration 
of either ascorbic acid or dehydroascorbic acid. The total volume of 
reaction mixtures was 2 ml. The concentration of ascorbic acid and 
dehydroascorbic acid used ranged from 20 nmoles/ml to 20 ^  moles/ml 
The incubation time was 30 minutes. Bactericidal effect was determined 
by making a viable count of each treatment. Ascorbic acid at a concentra­
tion of 2 |i moles/ml and 20 yi moles/ml had bactericidal effects on X. 
phaseoli var. sojensis both resulting in 99.88% and 99.98% loss of 
viability. However, dehydroascorbic acid was bactericidal only at a 
Fig. 14. The effect of incubation time on survival of Xanthomonas 
pheseoli ver. 30iensis in presence of partially purified 
peroxidase from supernatant fractions of Clark and Clark 
63, with or without ascorbic acid 
V 
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concentration of 20^ jnoles/nil which resulted in a 99.91% loss of viability 
of bacterial cells (Table 6). 
Detection of Extracellular Production 
of Hydrogen Peroxide by Bacteria 
Peroxidase in the presence of H2O2 can oxidize a wide variety 
of compounds. When was omitted from the assay mixture, horse­
radish peroxidase was not bactericidal. This suggested that is 
required for peroxidase to be bactericidal. This study was initiated 
to test for the secretion of H2O2 by bacteria. Extracellular pro­
duction of H2O2 was detected by inoculating X. phaseoli var. sojensis, 
and a Xanthomonas sp., on blood agar plates. A control plate consisted 
of a few drops of 27» in buffered saline. A characteristic yellow 
lysed area developed under and around the colonies after 48 hours 
(Fig. 15). Control plates also had yellow lysed areas at the points 
where H2O2 was spotted. 
70 
Table 6. Effect of various concentrations of ascorbic acid and 
dehydroascorbic acid on survival of Xanthomonas 
phaseoli var. sojensis 
Concentration Survival 
Ascorbic Dehydroascorbic 
nmoles/ml acid acid 
20 100.00 100.00 
200 100.00 100.00 
2000 0.18 100.00 
20000 0.02 0.09 
Fig. 15. Lysis of red blood cells by H2O2 (left), Xanthomonas 




Higher peroxidase activities were found associated with enzyme 
preparation from mitochondrial fractions than from supernatant fractions. 
The site of peroxidase in plant or animal cells has not been determined. 
However, evidence suggests that peroxidase is bound to a structural 
protein or proteins of mitochondrial membranes and is released into 
the cytoplasm (2, 24, 31, 36, 55, 64). Farkas and Lovrekovich (19) 
postulated that peroxidase might be released from a cellular organelle 
and translocated to other cells. 
Of the many hydrogen donors being used to measure the peroxidase 
activity in tissues (65) £-phenylenediamine (PPD) was used in this 
study as a hydrogen donor, A good linear reaction rate was observed 
using the spectrophotometric method. Seevers et al^. (67) also obtained 
linear reaction rates with PPD but not with ether H-doncrs such as 
guaiacol, benzidine, and o-dianisidine. Goren and Goldschmidt (23) 
have obtained higher peroxidase activities in different tissues with 
PPD than with guaiacol, pyrogallol and metol. 
Although many researchers (9, 18, 19, 22, 34, 48, 64, 67, 80) have 
found a high correlation between the level of peroxidase in plants 
and disease resistance, no one has established that high peroxidase 
concentration is the basis for resistance. The present study provides 
further experimental evidence supporting this relationship. The 
physiological role of peroxidase derives from its bactericidal effect. 
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The model study demonstrated that horseradish peroxidase could 
exert a bactericidal effect on X. phaseoli var. sojensis. In extending 
this observation to enzyme preparations of Clark and Clark 63, a relation­
ship between the level of peroxidase activity and ^  vitro bactericidal 
activity was found. Enzyme preparations from Clark 63 had higher 
levels of peroxidase activity and greater bactericidal effect than 
Clark preparations. The bactericidal effect was more profound when 
incubation of the assay mixture was extended to one hour. Other re­
searchers (3, 41, 56, 58, 75) have also found an increase in the 
antimicrobial effect of peroxidase with increased time. 
H2O2 is necessary for peroxidase to be bactericidal and an increase 
in the concentration of HRP resulted in a decrease in its bactericidal 
effect. Lovrekovich £t (48) did not observe the bactericidal 
effect of HRP on Pseudomonas tabaci. This may be due to the absence 
of H.yQ.y, and also to the high concentration of HRP used in their assays. 
Peroxidase can oxidize ascorbic acid only in the presence of 
H2O2 (65). The enzyme, ascorbic acid oxidase, also oxidizes ascorbic 
acid. Unlike peroxidase, however, this enzyme does not require 
to oxidize ascorbic acid. On the.contrary, it generates H2O2 during 
the oxidation process (29). Johnson and Schall (35) postulated that 
oxidation products of ascorbic acid can accumulate in injured plant 
tissues, and function in the resistance of plants to certain diseases. 
Addition of ascorbic acid to the HRP assay system enhanced the 
bactericidal effect of peroxidase. Addition of dehydroascorbic acid 
further enhanced the effect resulting in a total loss of viability 
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of bacterial cells. When ascorbic acid and dehydroascorbic acid were 
tested for their bactericidal effect, however, concentrations used 
in the presence of peroxidase and H2O2 did not have any bactericidal 
effect. Ascorbic acid oxidase activity in Clark 63 was four times 
greater than that in Clark. My limited data on the antibacterial effect 
of ascorbic acid in the presence of peroxidase suggests that ascorbic 
acid oxidase in tissue is functionally linked with peroxidase and could 
provide the cell with additional H2O2 or oxidation products of ascorbic 
acid, thus enhancing the bactericidal effect of peroxidase. 
Chamberlain (11) found in greenhouse experiments that X. phaseoli 
var. so 1ensis multiplied in leaves of the resistant cultivar CNS 
(pustule resistant parent of Clark 63), but at a lower rate than in 
those of susceptible Lincoln. He also found that when inocula of 
10^ - 10^ bacterial cells/ml were used, pustules formed abundantly 
on susceptible Lincoln but no pustules formed on CNS although necrotic 
lesions developed. The level of peroxidase in Clark 63 and the magnitude 
of its bactericidal effect suggest that the peroxidase was inhibiting 
bacterial multiplication, in the leaves of CNS. 
Lovrekovich £t al. (48) also found that resistance of tobacco 
leaves to Pseudomonas tabacs was correlated with the level of peroxidase 
activity in host tissues. They postulated that high peroxidase activity 
in the plant provides unfavorable conditions for the bacteria to multiply 
and express symptoms. Seevers and Daly (66) found a good correlation 
between the level of peroxidase activity and inhibition of rust pustule 
development in wheat. They used near isogenic lines of wheat carrying 
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the Sr 6 allele for resistance to stem rust. 
Koenigs (40) discussed various chemical reactions that might be 
involved with H2O2 in pathogenesis. In the present study, blood agar 
plates were used to detect secretion by X. phaseoli var. sojensis. 
Koenigs (40) also used blood agar plates to detect extracellular produc­
tion of H2O2 by fungi. I believe that X. phaseoli var. sojensis 
secretes H2O2; peroxidase utilizes this as substrate and inhibits 
multiplication of the pustule bacteria. Since the level of peroxidase 
is greater in Clark 63, it is more potent in its bactericidal effect 
than that of Clark. Furthermore, the greater ascorbic acid oxidase 
activity in Clark 63 suggests that peroxidase might be functionally 
linked with ascorbic acid oxidase, which not only generates H2O2: but 
also provides oxidized products of ascorbic acid to the reaction. The 
consequence of this is a reduction in the population of the pustule 
bacteria in Clark 63. Low activity of peroxidase and ascorbic acid 
oxidase in Clark suggests that the concentration of these enzymes 
is not.high enough to inhibit the bacterium. Lovrekovich £t al^. (48) 
and Rautela and Payne (64) also suggested that the level of peroxidase 
activity in susceptible plants is not sufficient to inhibit the pathogen. 
The assay system developed can be used in looking for new anti­
bacterial compounds. It is known that phenols can be converted to 
toxic quinones in plants. It is also known that peroxidase can oxidize 
phenols to quinones (41, 65). Using this model one could screen many 
available phenols for antibacterial effects and might be able to come 
up with effective bactericides. 
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There is also a possibility of inducing peroxidase in susceptible 
plants by chemical treatments (4, 68). 
These results provide evidence that mitochondrial peroxidase, in 
the presence of H2O2, forms a potent antimicrobial system. Lovrekovich 
et al. (48) injected healthy tobacco leaves with 50 ^ g/ml HRP and 
challenged the leaves with a virulent strain of Pseudomomas tabaci. 
They found that HRP-injected leaves were resistant to P. tabaci. My 
findings, coupled with that of Lovrekovich et aJL.. (48) lends further 
credence to the hypothesis that peroxidase serves as a basis for the 
resistance mechanism in the bacterial pustule of soybean. 
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Author's concept of the mechanism of soybeans' resistance to 
Xanthomonas phaseoli var. sojensis 
X. phaseoli var. so.jensis 
Infects leaves and produces HgOg 
which can react with many host 
components. 
Clark 63 Clark 
Resistant plants have a 
high level of peroxidase 
and ascorbic acid oxidase 
activity. Peroxidase uses 
pathogen-produced H2O2 as 
a substrate. Peroxidase 
O o 00 
Ascorbic acid oxidase acts 
as an additional H2O2 
generating system, supplying 
additional H2O2, and 
increasing the bactericidal 
effect. 
Susceptible plants have 
a low peroxidase and 
ascorbic acid oxidase 




Peroxidase activity was determined in mitochondrial and super­
natant fractions obtained from roots of the near isogenic soybean 
cultivars Clark and Clark 63, susceptible and resistant respectively, 
to bacterial pustule disease caused by Xanthomonas phaseoli var. 
sojensis. Peroxidase activities in both fractions from roots of 
Clark 63 were greater than in those from Clark. Peroxidase activities 
were also higher in the mitochondrial fractions than in the supernatant 
fractions from Clark 63, but not in those from Clark. When X. phaseoli 
var. soiensis was incubated with mitochondrial peroxidase obtained 
from roots of Clark and Clark 63, those from Clark 63 had greater 
bactericidal effect than those from Clark. The difference in the 
levels of peroxidase activity and magnitudes of its bactericidal effect 
correlate well with relative resistance in these two cultivars. 
The bactericidal effect of peroxidase vas corroborated using an 
in vitro model assay system utilizing horseradish peroxidase. 
Extracellular production of hydrogen peroxide by X. phaseoli var. 
sojensis was demonstrated. This hydrogen peroxide may be involved in 
an initial step of the pathogenesis by this organism. 
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